A sequential injection-square-wave anodic stripping voltammetry (SIA-SWASV) is proposed for the simultaneous determination of Pb(II), Cd(II) and Zn(II), employing an in situ plated bismuth film screen-printed carbon electrode (Bi-SPCE) as a working electrode and hydrochloric acid as a supporting electrolyte. Bi(III) and analyte metal ions were on-line deposited onto a SPCE at - 
Introduction
One of the most serious problems facing the world today is contamination of the environment by heavy metals. Finally, these toxic metals are incorporated into drinking water and various food chains. To a small extent they can enter human bodies via food, drinking water and air. They tend to bioaccumulate. When they reach high levels in the body, they can be immediately poisonous, or can result in long-term health problems. Monitoring heavy metal ion levels in natural water, drinking water and food is essential and a requisite for human health and safety.
The current methods for metal-ion analysis in natural water are atomic absorption spectroscopy (AAS), inductively coupled plasma-atomic emission spectroscopy (ICP-AES), inductively coupled plasma-mass spectrometry (ICP-MS) and anodic stripping voltammetry (ASV). Recently, ASV is recognized as one of the most powerful tools in the trace and ultratrace analysis of metal ions, because it provides a wide linear dynamic range, a low detection limit, and a multielement analysis capability. An additional advantage of ASV over AAS, ICP-AES or ICP-MS is simplicity of the instrumentation, which is relatively inexpensive, requires low electrical power and low maintenance, and is portable as well as suitable for automation. [1] [2] [3] [4] Combining stripping voltammetry with flow systems has significant advantages over batch analysis, such as a high level of automation, speed of analysis, improvement of accuracy and precision, less risk of contamination and cost-effective operation. [5] [6] [7] [8] Sequential injection analysis (SIA) is one of the flow-analysis technique suited to stripping techniques that employ a preconcentration stage of the analyte on the working electrode before an actual measurement. 9 SIA allows ASV to be performed with high precision because of the excellent reproducibility of the time and mixing conditions, leading to very reproducible mass transport between the electrode surface and the flowing stream solution. 10 Various stripping voltammetric methods that were automated by SIA have been reported. 5, 6, [8] [9] [10] [11] [12] Mercury-based electrodes have been traditionally used to obtain high sensitivity and reproducibility, as well as a wide cathodic potential limit in the ASV of trace metals. Because of the toxicity of mercury and environmental regulations, however, mercury-free electrodes were developed. 2, [13] [14] [15] One of environmentally friendly electrodes, which is comparable to mercury electrodes, is the bismuth-film electrode (BiFE), as pioneered by Wang and coworker. 16 Its attractive properties include high sensitivity, well-defined and highly reproducible stripping signal, good resolution of neighboring peaks, low background characteristics, a large cathodic working potential range, and being insensitive to dissolved oxygen, which eliminates the time-consuming de-oxygenation step. [13] [14] [15] [16] [17] Bismuth can be plated on several substrates, 18 such as glassy carbon, [13] [14] [15] [16] 19, 20 carbon paste, 14, 21, 22 wax-impregnated graphite, 14 pencil-lead, 23 screen-printed carbon ink, 24, 25 carbon-fibers, 16, 26, 27 gold, 27 copper, 28, 29 and platinum. 28 The majority of studies have used a glassy carbon or carbon fiber substrate for electrolytic bismuth film plating. The working surface of these electrodes To overcome this problem, inexpensive, disposable, flexible in design and easy to produce, screen-printed carbon electrodes (SPCEs) were used as substrates for bismuth film electrodes. The applications of bismuth film screen-printed electrodes (Bi-SPCEs) have been reported for anodic stripping voltammetric measurements of trace Pb(II) 24 as well as stripping chronopotentiometric measurements of Pb(II) and Cd(II) 25 by batch analysis. They have not been used in the flow systems.
In this work, a sensitive method for the on-line simultaneous determinations of Pb(II), Cd(II) and Zn(II) on in situ plated Bi-SPCE using a sequential injection system coupled with square-wave anodic stripping voltammetry (SIA-SWASV) was developed. The effects of various experimental conditions on the sensitivity and the reproducibility were studied. The limits of detection (S/N = 3) for Pb(II) and Cd(II) at sub ppb level with a deposition time of 180 s were obtained. In addition, the proposed method was applied to the determination of Pb(II), Cd(II) and Zn(II) in water samples with satisfactory results.
Experimental

Reagents and chemicals
All standard and reagent solutions were prepared with ultrapure water (resistivity ≥18.3 MW cm -1 ) from an Elix 3/ Milli-Q Element System (Nihon Millipore, Japan). Working standard solutions of Pb(II), Cd(II) and Zn(II) were daily prepared by appropriate dilution of the stock standard solutions (1000 mg L -1 atomic absorption analysis standard solution; Kanto Chemical, Japan) with a 1 M hydrochloric acid solution. A Bi(III) plating solution was prepared by appropriate dilution of the stock solution of Bi (1000 mg L -1 atomic absorption analysis standard solution; Kanto Chemical) with 1 M hydrochloric acid solution. A 1 M hydrochloric acid solution, which served as a supporting electrolyte, was prepared by appropriate dilution of hydrochloric acid (electronic grade, 36%, 1.18 g mL -1 ; Mitsubishi Chemicals, Japan).
Working electrodes
The electrodes were screen-printed in house using carbon ink (Electrodag PF-407C, Acheson, USA), silver ink (Electrodag 7019, Acheson) and ceramic substrates. Bi-SPCEs were prepared by on-line in situ plating.
Apparatus
A sequential injection system for the determination of Pb(II), Cd(II) and Zn(II) by SWASV, as shown in Fig. 1 , consisted of a 3-way syringe pump (Hamilton, USA) and an 8-port selection valve (Hamilton, USA). PTFE tubing was used for flow lines (0.5 mm i.d.) and a holding coil (1.5 mm i.d.). The system was computer controlled by using a program written by LabVIEW ® software, Ver. 7.1 (National Instrument).
Electrochemical measurements were carried out in a thin-layer flow cell (Bioanalytical Systems, USA) using a PalmSens portable instrument (Palm Instruments BV, The Netherlands). The thin-layer flow cell consisted of a gasket as a spacer, a Bi-SPCE as a working electrode, a Ag/AgCl electrode (3 M KCl) as a reference electrode, and a stainless-steel tube as a counter electrode as well as a solution outlet of the flow cell. The experiments were carried out in a Faraday cage to reduce electrical noise.
Procedure
The step sequences for the determinations of Pb(II), Cd(II) and Zn(II) by SIA-SWASV are given in Table 1 . The sample and the Bi(III) plating solution were sequentially aspirated into the holding coil and dispensed in reverse direction into a thinlayer flow cell in which Bi and the analyte metals were deposited on SPCE at -1.4 V vs. Ag/AgCl for 180 s (steps 1 -3). After a 10-s equilibration time at stopped-flow (step 4), the voltammogram was recorded from -1.3 to 0 V vs. Ag/AgCl by applying a potential with a square-wave waveform with a frequency of 50 Hz, a step potential of 4 mV, and a pulse amplitude of 40 mV (step 5). Finally, the electrode was cleaned to remove any remaining analyte metals and bismuth film at +0.3 V vs. Ag/AgCl in flowing of 0.5 M hydrochloric acid for 40 s (steps 6 -7). All experiments were performed at room temperature (25˚C) in a nondeaerated solution.
Results and Discussion
Optimization of experimental conditions Effect of a supporting electrolyte. The effect of the type of supporting electrolyte on the square-wave anodic stripping voltammetric signals of Pb(II), Cd(II) and Zn(II) was studied. Among the various supporting electrolytes examined, including hydrochloric acid, nitric acid and perchloric acid solution, the highest peak currents were obtained in a hydrochloric acid solution. This was probably due to the oxidizing properties of nitric acid and perchloric acid. In the deposition step, these acids could be reduced to the gaseous electroinactive products, NO2 and ClO2, which led to kinetic polarization; the reduction potentials of metal ions in these acids were shifted to more negative potentials. This caused a decrease in the peak currents. However, hydrochloric acid could not be reduced in the deposition step. Therefore, hydrochloric acid was used as the supporting electrolyte.
The effect of the concentration of hydrochloric acid, as the supporting electrolyte, was also studied at 0.1, 0.5 and 1 M; maximum stripping peak currents of Pb(II), Cd(II) and Zn(II) were obtained in a 1 M hydrochloric acid solution. As the result of a high concentration of acid, the stripping of metal ions from the electrode became easy.
Thus, a hydrochloric acid concentration of 1 M was selected for further experiments. Effect of the concentration of Bi(III) plating solution. In this work, bismuth film was generated on the SPCE by on-line in situ plating. The Bi(III) plating solution and the sample solution were aspirated and delivered to the thin-layer flow cell, where a potential of -1.4 V vs. Ag/AgCl was applied to the SPCE to form a bismuth film simultaneously with analyte metals deposition. After the voltammogram was recorded, the Bi-SPCE was cleaned with a 0.5 M hydrochloric acid solution, while the potential of the electrode was held at +0.3 V for 40 s. Therefore, the bismuth film and analyte metals were stripped out completely, which minimized the accumulative fouling of the electrode.
The stripping peak current was affected by the thickness of the Bi film, which was controlled by the concentration of the Bi(III) plating solution. 14 The effect of the concentration of the Bi(III) plating solution on the stripping peak currents of Pb(II), Cd(II) and Zn(II) was investigated in the concentration range of 100 to 2000 mg L -1 . The results are shown in Fig. 2 . As the Bi(III) concentration was increased, the stripping peak currents of Pb(II) and Cd(II) were increased up to 1000 mg L -1 , and then remained constant for Pb(II) and slightly decreased for Cd(II). However, the stripping peak current of Zn(II) decreased with increasing the concentration of Bi(III), and the Zn(II) signal disappeared at a Bi(III) concentration of 2000 mg L -1 , because the background current at the negative potential increased. Therefore, the Bi(III) concentration of 500 mg L -1 was chosen for the simultaneous determinations of Pb(II), Cd(II) and Zn(II). Effect of deposition potential and time. The influence of the deposition potential on the stripping peak currents of Pb(II), Cd(II) and Zn(II) was examined at -1.3, -1.4 and -1.5 V vs. Ag/AgCl. A deposition potential of -1.4 V vs. Ag/AgCl was selected for the highest stripping peak currents and the minimum side reactions due to the results that the stripping peak currents of Pb(II) and Cd(II) at -1.5 V vs. Ag/AgCl were significantly lower than at -1.3 and -1.4 V vs. Ag/AgCl. This was the result of the hydrogen evolution background that occurred at more negative potentials. Moreover, the stripping peak current for Zn(II) was too low at -1.3 V vs. Ag/AgCl, because this applied potential was not sufficient for Zn(II) to be electrolyzed. 31 The effect of the deposition time on the stripping peak currents of Pb(II), Cd(II) and Zn(II) was studied in the range of 60 to 270 s. The results are shown in Fig. 3 . The stripping peak currents of Pb(II), Cd(II) and Zn(II) were found to increase with increasing the deposition time over the range of 60 to 270 s. However, the peak currents slowly increased, and a large error bar was obtained after 180 s. Thus, a deposition time of 180 s was chosen as a compromise between the sensitivity, the reproducibility and the analysis time. Effect of the flow rate. In a deposition step of Bi and the analyte metals on the SPCE, the flow rate plays an important role on the sensitivity of the analysis. Therefore, the influence of the flow rate on the stripping peak currents was investigated in the range of 1 to 18 mL s -1 at a 180-s deposition time by using various volumes of the metal ion solution and a Bi(III) plating solution at a ratio of 2:1. It was observed that the stripping peak currents increased with an increasing flow rate due to an enhancement of the mass-transfer rates of the metal ions to the electrode surface Table 1 Step sequence for the determination of metal ions by SIA-SWASV during the deposition step. Moreover, when the flow rate increased, the stripping peak currents increased rapidly in the range of 1 to 12 mL s -1 , and slowly after 12 mL s -1 . Therefore, a flow rate of 12 mL s -1 was selected for high sensitivity, good reproducibility (small error bar) and low consumption of the sample and the reagents.
The optimum conditions obtained are summarized in Zn(II) in 1 M hydrochloric acid was performed on a bare SPCE and in situ plated Bi-SPCE under the optimum experimental conditions. As can be seen in Fig. 4 , the sensitivity for all metal ions was better on the Bi-SPCE than on the bare SPCE, especially for Zn(II) determination.
Analytical characteristics
The analytical characteristics of the proposed SIA-SWASV method for the on-line simultaneous determination of Pb(II), Cd(II) and Zn(II) on Bi-SPCE was evaluated under the optimum conditions. Fig. 5(b) . Moreover, signals of 1 mg L -1 of Pb(II) and Cd(II) could be detected, which suggests the high sensitivity of the proposed method. Nevertheless, the signals of Zn(II) at a concentration lower than 75 mg L -1 were hindered by the high background current as a result of the reduction of hydrogen ions.
The limits of detection (LOD, the concentration corresponding to three times the standard deviation of blank) were obtained at concentrations as low as 0.89 mg L -1 for Pb(II), 0.69 mg L -1 for Cd(II) and 54 mg L -1 for Zn(II) for 180 s deposition.
The reproducibility of a single SPCE was studied with 10 repetitive measurements of a solution containing 50 mg L -1 Pb(II), 50 mg L -1 Cd(II) and 100 mg L -1 Zn(II) in 1 M hydrochloric acid. The relative standard deviations (RSD) of the stripping peak currents of Pb(II), Cd(II) and Zn(II) were 6.3, 5.4 and 8.8%, respectively. The reproducibility among different SPCEs was also examined. Calibration graphs with five different SPCEs were obtained for Pb(II), Cd(II) and Zn(II). The RSDs of the calibration slope (sensitivity) were 5.8% for Pb(II), 5.8% for Cd(II) and 9.8% for Zn(II).
Interference study
The analytical results obtained with ASV can be affected by the potential interaction between metals that have been co-deposited onto the electrode surface. 15, 32 The interfering effect of Cu(II) at different concentrations (0 -10 mg L -1 ) on the stripping peak currents of Pb(II) and Cd(II) ( ) is illustrated in Fig. 6 . The Zn(II) peak was more sensitive to the presence of Cu(II) than the Pb(II) or Cd(II) peak. As the concentration of Cu(II) increased, the stripping peak current of Zn(II) was suppressed. The suppression of the stripping peak by Cu(II) is probably due to competition between electrodeposited Bi and Cu for surface sites on the electrode as well as the formation of an intermetallic compound between Cu and Zn. The Cu-Zn intermetallic effect can be minimized by the addition of Ga(III), which preferentially formed an intermetallic compound with Cu. 15, 33 Figure 7 shows that the addition of 600 mg L -1 Ga(III) into a solution containing 40 mg L -1 Pb(II), 40 mg L -1 Cd(II), 200 mg L -1 Zn(II) and 10 mg L -1 Cu(II) can minimize the interfering effect of Cu(II) on the stripping peak currents of Cd(II) and Zn(II).
Analytical applications
In order to evaluate the proposed method, three replicate determinations of Pb(II), Cd(II) and Zn(II) in a spiked riverwater certified reference material (JSAC 0302, The Japan Society for Analytical Chemistry) were carried out under the optimum conditions by a standard addition method. The obtained results are given in Table 3 . These results are comparable to the certified values. Although there was Cu(II) in this certified reference material at a concentration of 10.3 ± 0.2 mg L -1 , the Cu intermetallic interference could be corrected by the conventional standard addition method. 31 The proposed method was also applied to the determination of Pb(II), Cd(II) and Zn(II) in a bottled drinking water under the optimum conditions by the standard addition method. The obtained results are given in Table 4 . The recoveries of Pb(II), Cd(II) and Zn(II) were in the range of 95.5 -106%.
The obtained results obtained show that the proposed method could be successfully applied to the on-line simultaneous determination of Pb(II), Cd(II) and Zn(II) in water samples.
Conclusions
In this work, an inexpensive and disposable screen-printed carbon electrode (SPCE) was used as a substrate for the in situ plating of a bismuth film, and the simultaneous determinations of Pb(II), Cd(II) and Zn(II) by SIA-SWASV with good sensitivity and acceptable reproducibility. The proposed method was successfully applied to the determination of Pb(II), Cd(II) and Zn(II) in water samples. 
